The thermoplastic nature of Parylene C is leveraged to enable the formation of three-dimensional structures using a thermal forming (thermoforming) technique. Thermoforming involves the heating of Parylene films above its glass transition temperature while they are physically confined in the final desired conformation. Micro and macro scale three-dimensional structures composed of Parylene thin films were developed using the thermoforming process, and the resulting chemical and mechanical changes to the films were characterized. No large changes to the surface and bulk chemistries of the polymer were observed following the thermoforming process conducted in vacuum. Heat treated structures exhibited increased stiffness by a maximum of 37% depending on the treatment temperature, due to an increase in crystallinity of the Parylene polymer. This study revealed important property changes resulting from the process, namely (1) the development of high strains in thermoformed areas of small radii of curvature (30-90 µm) and (2) ∼1.5% bulk material shrinkage in thermoformed multilayered Parylene-Parylene and Parylene-metal-Parylene films. Thermoforming is a simple process whereby three-dimensional structures can be achieved from Parylene C-based thin film structures with tunable mechanical properties as a function of treatment temperature.
Introduction
Traditionally used as a technique to form large threedimensional (3D) structures from planar polymer films in industry-center mass production processes, thermoforming has been recently extended into the micro-realm to produce micro-scale 3D structures from polymer films [1] . This forming process involves the reshaping of thermoplastic polymers, enabled by softening the material after heating above its glass transition temperature while simultaneously confining the material within a mold of the desired configuration. Upon cooling and removal of the mold, the desired shape is retained. Specifically within biomedical applications, thermoforming of different polymers (e.g. polystyrene, polyethylene terephthalate, polylactic acid) has allowed for successful, mass-scale, repeatable production of lab-on-a-chip as well as other in vitro microfluidic systems [2] [3] [4] [5] .
Parylene C (here-on referred to as Parylene) is a popular material in biomedical microdevices and microsystem applications largely because of its biocompatibility (USP Class VI), chemical inertness, dielectric properties, moisture barrier properties, and low Young's modulus. Unlike other common polymers used in such applications, Parylene is easily deposited as conformal thin films via a room temperature chemical vapor process. Initially used as an encapsulation coating to protect implantable devices [6] [7] [8] , Parylene is now a commonly used structural material in surface micromachining that can be selectively shaped using standard lithographic processes in combination with oxygen plasma-based removal [9] . More recently, the ability to form 3D Parylene structures have also contributed to the development of novel sensors [10, 11] , microfluidics [12] [13] [14] , and implantable devices [15, 16] .
Conventional methods to produce 3D Parylene structures utilize two main strategies: (1) the use of temporary sacrificial structures such as photoresist [17, 18] or wax [19] to shape Parylene, or (2) Parylene deposition on molds with topological positive/negative features [20] that then require film release. These well-established processes, though effective, are characterized by complex process steps. Sacrificial structures require extra steps to ensure their complete removal, and removal of films from molds without film or other structural damage can be difficult. Also, these techniques may not be suitable to achieve structures with large aspect ratios, as the Parylene structure is limited by the photolithographic or mold fabrication processes employed. To address these limitations, some studies have focused on leveraging the thermoplastic nature of Parylene to form 3D structures using a hot embossing process [21] , as well as a modified polymer bonding technique [22] , for both die level [13, 23] and wafer level bonding [22, 24] to assemble Parylene structures via bonding of a top open structure and a bottom substrate layer. These processes successfully produced microchannel structures while eliminating the need for a sacrificial material.
In this study, we present an alternative method to form 3D Parylene structures adapted from previous work in the thermal shaping of Parylene thin films [25] [26] [27] . This strategy utilizes the thermoplastic property of Parylene to thermoform thin film Parylene into 3D structures in a similar manner to previous efforts involving other common polymers previously mentioned. The final desired 3D shape is formed by a simple post-process where a Parylene thin film is placed within a mold, after which it is heated to a temperature between its glass transition temperature (∼60-90
• C) and melting point (290
• C) [13] , and then slowly cooled below the glass transition temperature. This is achieved without the need for applied bonding pressures. In addition to the formation of a 3D shape, the final device also attains added benefits attributed to the annealing of Parylene layers, such as increased adhesion [28] , decreased water permeability and increased dielectric strength [29] , and improvement in thermal stability at higher temperatures, namely >37
• C for biological applications [30] . Here we present a technique to thermoform Parylene thin films into 3D structures and the characterization of the resulting chemical and mechanical properties of thermoformed Parylene thin films and devices. Thermoforming Parylene allows for a simple process to create desired 3D structures with tunable material properties and expands the potential range of applications of Parylene-based microelectromechanical systems. 
Materials and methods

Thermoforming Parylene
Parylene free films (single Parylene thin films or ParyleneParylene (PP) dual layers) or devices (Parylene-metalParylene (PMP) sandwiches) were thermoformed by annealing the assemblies (film and mold) in the desired configuration for a set process time (soak time or t S ) at a certain temperature (soak temperature or T S ). As a semicrystalline polymer, Parylene chains consist of amorphous and crystalline regions [30] (figure 1). By treating the polymer with soak temperatures between the glass transition point (∼90
• C) and the melting point (290
• C), the amorphous regions of the polymer gain energy to rearrange, allowing for softening of the polymer and subsequent molecular relaxation and reorganization of the chains [29, 31] . In thermoforming experiments, the soak temperature was not increased beyond the melting point to avoid device or film complications due to large and potentially damaging changes to the material properties following treatment above that temperature [32] .
Experimental methods
A detailed account of PMP device fabrication can be found elsewhere [15, 33] ; the process is briefly summarized here. PMP devices were fabricated by Parylene surface micromachining; all processing was conducted at low temperatures (<90
• C) to avoid bulk material changes associated with high temperature exposure of Parylene. Thin film platinum (Pt; 2000Å) was patterned onto a Parylene film (5 µm) supported by a silicon wafer. The metal pattern was formed by liftoff using AZ 5214-IR photoresist (AZ Electronic Materials, Branchburg, NJ). A second Parylene film serving as an insulation and structural layer was deposited (5 µm) and the final PMP devices were etched out using O 2 plasma. A titanium adhesion layer was not used as Pt has adequate adhesion to Parylene substrates [34] , however O 2 plasma was used to activate and clean surfaces prior to Pt and Parylene deposition.
Parylene free films or devices were assembled into a specific orientation by using a mold (e.g. microwire, glass rod) to form the desired final shape (figure 2). No additional force was applied to fix the Parylene within the molds, however in some cases aluminum foil or glass slides were placed atop the samples to prevent any film damage associated with exposure to turbulent airflow during the pump and vent steps. These assemblies were then placed within a vacuum oven (TVO-2, Cascade Tek Inc., Longmont, CO) during the subsequent thermoforming process. It is essential to conduct the process in a vacuum environment as Parylene undergoes thermal oxidative degradation at temperatures >125
• C in the presence of oxygen [35] . For the purposes of this study, the vacuum environment was maintained at 10 mTorr. In previous studies, nitrogen backflow was also used as an extra precaution to remove any oxygen [36] , however in the present study, nitrogen backflow was not present as it was determined that vacuum alone was sufficient in preventing thermal oxidative degradation.
Following placement of the assembled devices into the vacuum oven, the temperature was increased at a rate of ∼1.6
• C/min until the desired soak temperature was achieved, after which the temperature was maintained for a given soak time. Soak times were determined by comparable studies of heat treatment of Parylene films and devices within literature, ranging from 30 min for PP bonding [22] to 48 h for shaping of Parylene C and improving adhesion between layers [37] . Following a slow overnight (∼15 h) cool down of the samples under vacuum by turning off the heating element, the assemblies were removed from the oven and the molds were easily removed to reveal the final thermoformed shape.
Chemical and mechanical characterization of the effects of the thermoforming process was carried out on Parylene film samples (10 µm thick) that were deposited on 2.54 × 7.62 cm 2 glass slides that were cut into 10 × 20 mm 2 rectangles (for chemical characterization) or 10 × 10 mm 2 squares (for mechanical characterization) using a sharp blade and subsequently released from the glass slides by gentle peeling. The chemical and mechanical changes following variations to the soak temperature and soak time during the thermoforming process were investigated to reveal any material modifications that may have occurred as a result of thermoforming, as well as trends relevant to process tunability. Experiments in which soak temperature variation was evaluated were performed under a constant soak time of 6 h (soak temperatures: 100, 120, 160, 180, and 200
• C), whereas soak time variation experiments were conducted under a constant soak temperature of 200
• C (soak times: 0.5, 2, 6, 12, 24, and 48 h). A summary of the testing conditions is given in table 1.
Chemical characterization
Any changes in the chemical properties of thermoformed Parylene may impact potential functionality of the material [40, 41] . For this reason, any possible changes to the bulk and surface chemical properties of the thermoformed films were assessed to observe modifications of the material following the annealing process. Changes in chemical functionality within the bulk Parylene following thermoforming were assessed using Fourier transform infrared spectroscopy (FTIR; Nicolet iS 10 FT-IR Spectrometer, Thermo Scientific, West Palm Beach, FL), an effective method to identify the presence of certain functional groups within a material based on unique resonance absorption peaks of wavelengths in the infrared. Changes to the surface properties of Parylene films were assessed by measuring contact angles (10 µL deionized H 2 O droplet, Model 290-F1, Ramé-Hart Instrument Co., Succasunna, NJ), a method to analyze surface energy using the wetting angle formed by a liquid droplet on a solid surface.
Mechanical characterization
Annealing of Parylene films has been reported to increase the crystallinity of the polymer as the amorphous regions of the polymer gain more ordered structure following thermal treatment [30] ; increases in crystallinity were demonstrated to result in increased tensile strength and overall stiffness [42] . In this study, changes to the mechanical functionality of the Parylene films following thermoforming were analyzed by measuring changes to the Young's modulus of thermoformed films using nanoindentation (Berkovich tip, 4 µm displacement, MTS Nano Indenter XP, Agilent Technologies Inc., Santa Clara, CA). The changes to the Young's moduli of thermoformed films of varying conditions would alter the stiffness and thus mechanical functionality The significance of the changes to Young's modulus was determined using a one-way ANOVA test along with a test for linear trend using a statistical software package (Prism, GraphPad Software, Inc., La Jolla, CA).
Results and discussion
Thermoformed structures
3D
Parylene structures that are difficult to fabricate using conventional Parylene structure microfabrication techniques were successfully formed ( figure 3 ). The technique used in this study was optimized and utilized in the formation of hollow 3D sheath structures for penetrating neural electrode applications [33] , in which sheaths were formed by inserting a tapered microwire mold into opened Parylene microchannels. Conical sheaths of varying tapers ranging from 200 and 300 µm base to 70 µm tip in diameter and cylindrical sheaths of 300 µm in diameter were fabricated using the thermoforming post process. This technique was also successful in forming 3D structures out of a Parylene microchannel with metal electrode sites on top of the structure ( figure 3(d) ) as well as Parylene microchannels with 15 µm perforations ( figure 3(e) ), exhibiting the robustness of the technique across different initial Parylene structures. Thermoforming was repeatably achieved in sequential processes; two-stage thermoforming was demonstrated in forming 3D micro and macro-structures for device applications. In figure 4 , the hollow sheath cone structure was first formed in one step, and a secondary macrocoil structure in the incorporated Parylene cable was formed in the second thermoforming step without affecting the initial 3D Parylene microstructure. Bulk dimensional changes occur as a result of thermoforming and may impact the final desired structure. In thermoformed structures with a small radius of curvature (such as the outer surface of a micro-cone: r = 30-90 µm), high tensile strains can lead to cracking of electrodes following thermoforming if located in the curved region (figure 5). Further investigation indicated that tensile strains did not result from the thermoforming process, but instead were induced during insertion of the microwire mold into the preformed Parylene channel; electrodes that encountered compressive stresses did not exhibit any cracks [43] . It is important that mold-induced mechanical strains do not exceed the ultimate yield strains for the device materials (0.03 for thin film platinum [44] ). In the case of these Parylene micro-cones, the strain limit was reached at a radius of curvature of ∼240 µm, obtained using finite element modeling (data not shown; fabricated cones had radii of 30-90 µm). It is essential to pre-plan areas of high strains (tensile stresses that are less than the ultimate yield strength of the materials present) based on the final desired geometry following the thermoforming process and avoid placement of thin film metal electrodes in these areas. Additionally, these bulk dimensional changes can impact applications in which the precise electrode or trace pitch is crucial. As a result of the reorganization of the polymer chains, i.e. the reorientation of the amorphous regions of the polymer into more ordered crystalline portions, a degree of shrinkage exists following the thermoforming process. In the case of Parylene flat flexible cables (FFCs), direct electrical connections to multiple contact pads have been demonstrated using commercially available zero-insertion force (ZIF) connectors [45] . However, these ZIF connectors require precise spacing between metal contact pads for proper insertion and alignment into the connector. Following thermoforming of 8 and 16 channel Parylene FFCs, metal contact pad and inter-pad Parylene spacing shrinkage of ∼1.5% was observed (figure 6) and is summarized in table 2. Statistical significance was measured using a Mann-Whitney nonparametric test in a statistical software package (Prism, GraphPad Software, Inc., La Jolla, CA). Comparison between a normal PMP cable and those that underwent thermal oxidative degradation due to a leak in the vacuum oven. Note the discoloration of the films as well as brittle failure in the PP sample during handling.
In comparing the shrinkage between contact pad areas (PMP regions) and inter-pad areas (PP regions), it was found that both regions were comparable in shrinkage (no significant difference) for the conditions tested, but larger scale samples may exhibit a different trend as relaxation of built-in intrinsic stress during the deposition of the metal [46, 47] can cause additional bulk material changes alongside shrinkage of the polymer. This shrinkage error propagates in contact pad layouts with larger channel numbers (e.g. 32 channels), which was demonstrated in previous work [36] , leading to the prevention of proper pin-pad alignment. In the case of 8 and 16 channels, the dimensional changes were tolerated, however, dimensional changes must be accounted for during the design process for large channel count cables.
The need for a vacuum environment for thermoforming was confirmed as treatment of devices and free films at 200
• C for 48 h in an oxygen-rich environment caused by a leak resulted in discoloration (yellowing) attributed to thermal oxidative degradation; samples also exhibited increased brittleness similar to that reported in previous studies [42] ( figure 7) . The resulting samples were in fact too brittle to endure any standard handling. 
Chemical and surface characterization
FTIR analysis on the Parylene samples following thermoforming indicated no new chemical functionalities within the bulk polymer ( figure 8 ). Varying soak temperature and time had no significant effect on FTIR measurements, as the spectra for Parylene was consistent over all thermoformed samples. This analysis was critical in the detection of carbonyl groups that have been observed in Parylene spectra following heat treatment due to thermal oxidation of the polymer [42] (figure 9), which can alter the surface and bulk chemistries. In our samples, the carbonyl addition was prevented by thermoforming Parylene samples in a vacuum environment. An analysis of the sample surfaces conducted using contact angle measurements indicated no significant changes to the surface energy of Parylene as a function of either soak temperature or time (table 3, 4). Samples thermoformed [30] , as well as the formation of a new second crystalline phase [29] . Variation of soak temperature had a larger effect on mechanical stiffness changes (increased 37%) largely due to the additional energy in the system at greater temperatures leading to increased reorganization and crystalline ordering of the polymer (table 3; one-way ANOVA: p < 0.0001; test for linear trend: p < 0.0001). The smaller change in stiffness as a function of soak time compared to soak temperature (table 4; no significant difference) can be explained by observations in literature in which Parylene crystallinity does not vary greatly following the first couple of minutes of annealing; the kinetics of crystallization (i.e. crystallinity and crystallite size changes) have been shown to be relatively quick [30] and reach a plateau in a matter of minutes [48] .
Electrochemical effects
A quick note is mentioned here for completeness regarding effects on the electrochemical properties of thermoformed PMP devices observed in previous studies [49] ; exposed PMP electrodes that undergo the thermoforming process were found to increase in electrochemical impedance and have decreased electroactive surface area (data not shown). Although this increase does not affect the functionality of these thermoformed implantable devices [33] , the thermoforming process has demonstrated these changes to the sensitive electrode surface that can be explained by a smoothing of the electrode surface during annealing [46] as well as possible mobilized chlorine adsorption on the surface during annealing [50, 51] observed in literature. Additional work is underway in ascertaining the source of these changes.
Conclusion
In this study, we presented a simple method to leverage the thermoplastic property of Parylene to form 3D structures utilizing a thermoforming process. This process was shown to produce both micro and macro-scale 3D Parylene sheath and coil structures for implantable neural device applications, but can easily be extended into a variety of structures for a wide range of applications. Thermoformed samples were characterized chemically and mechanically; heat treatment of Parylene was found to produce no large changes to the surface and bulk chemistries provided that the process is completed within a vacuum environment. Thermoforming was also found to increase the stiffness of Parylene (and thus thermoformed structures) by 37% (dependent on the process parameters), largely due to an increase in crystallinity following annealing. The soak temperature was found to be more significant in affecting the mechanical properties of the thermoformed structure; the soak times used within this study formed samples with similar mechanical properties regardless of soak time because of the relatively quick kinetics of crystallization. A few consequences to thermoforming were also elucidated: (1) areas of high strain within the mold must be planned and placement of crucial elements within these areas should be avoided, (2) a ∼1.5% shrinkage was observed for the bulk material (no significant difference between PMP and PP shrinkage), and must be considered for size-sensitive devices, and (3) thermoforming must be done within a vacuum environment to prevent oxidative degradation of Parylene resulting in the formation of carbonyl groups within the polymer.
Results from this study demonstrate the ease of forming 3D Parylene structures with tunable mechanical properties utilizing the thermoforming process with varying process parameters.
